Using GFP to mark recent thymic emigrants (RTEs) in mice carrying a GFP transgene driven by the recombination-activating gene 2 promoter, we demonstrate that RTEs are readily detectable even in 2-year-old mice, despite the fact that the proportion of the peripheral T cell pool comprised of RTEs declines with age. Although the number of RTEs decreases after reaching a peak at 6 weeks of age, thymic output as a function of thymic size is surprisingly age-independent. The CD4:CD8 ratio of RTEs declines with age, partly because of a striking decrease in steady-state proliferation of CD4 ؉ RTEs in older mice. RTEs in aged mice undergo phenotypic maturation in the lymphoid periphery with delayed kinetics compared with young mice. RTEs from aged mice secrete less IL-2, proliferate less well, and achieve only weak expression of earlyactivation markers compared with more mature naïve peripheral T cells from the same mice. The proportion of GFP ؊ cells in the CD4 ؉ and CD8 ؉ thymic compartments increases with age, partly as a result of leakiness in the aged thymus, allowing reentry of naïve peripheral T cells.
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aging ͉ recent thymic emigrants ͉ T cell development M aintenance of the peripheral T cell population throughout life depends on balancing the influx of recent thymic emigrants (RTEs) with the homeostatic regulation of mature peripheral T cells. Although T cell numbers can be sustained by homeostatic proliferation of peripheral T cells after lymphocyte depletion, the thymus is essential for maintaining a diverse antigen receptor repertoire and a substantial pool of naïve peripheral T cells. Hallmarks of the aging immune system include thymic involution, enhanced contribution of memory cells to the peripheral T cell pool, and striking clonal expansions among both CD4 and CD8 T cell populations (reviewed in refs. 1 and 2). These phenomena are interrelated, because shrinkage of the thymus limits the number of newly exported T cells, triggering the gradual decline in the naïve T cell pool, which in turn likely contributes to the expansion of select memory phenotype T cells.
Understanding the contribution of thymic output to the peripheral T cell pool requires identification of RTEs as a population distinct from the bulk of naïve and previously activated peripheral T cells. Over the years, this distinction has been achieved in mice by identifying RTEs that have originated from thymocytes labeled by BrdU (3) or intrathymic injection of FITC (4, 5) by following a wave of thymocyte differentiation and egress from thymic lobes transplanted into congenic hosts (6, 7) and in mice and humans by using T cell receptor (TCR) rearrangement excision circles to identify cells that have not proliferated since rearranging antigen receptor genes (8) (9) (10) (11) (12) (13) . Although highly useful, these techniques suffer serious disadvantages, including the short time frame over which RTEs can be observed (4-7), the trauma inherent in the labeling technique and its potential to alter thymic output (4-7), the inherent inaccuracy of the tag itself (3, (8) (9) (10) (11) (12) (13) , and the inability to simultaneously identify RTEs and measure their function (3, (8) (9) (10) (11) (12) (13) .
We recently used animals (14) carrying a GFP transgene driven by the recombination-activating gene 2 (RAG2) promoter [RAG2p-GFP transgenic (Tg) mice] to tag RTEs in unmanipulated mice. These GFP ϩ peripheral T cells no longer express RAG2 mRNA (15) and disappear rapidly after thymectomy. We estimate that GFP hi , GFP low , and GFP neg cells, respectively, have left the thymus 1 week, 2-3 weeks, or Ͼ3 weeks previously (16) . The CD4:CD8 ratio of RTEs is higher than that of mature naïve T cells, and this ratio is down-modulated both by preferential proliferation of CD8 ϩ RTEs and by loss of CD4 ϩ RTEs as these cells are incorporated into the mature naïve T cell compartment (16) . RTEs in young adult mice continue to undergo phenotypic maturation in the periphery, up-regulating Qa2 and down-regulating CD24 surface expression. RTEs are also functionally immature compared with mature naïve CD4 ϩ T cells. Upon activation, RTEs secrete less IL-2, express lower levels of surface CD25, and exhibit reduced proliferative capacity. In vivo stimulated CD8
ϩ RTEs show defects in cell accumulation and IFN␥ secretion compared with their mature counterparts. What drives the maturation of RTEs is unclear, although the influence of Egr-1-mediated signals on RTE survival and incorporation into the mature peripheral pool suggests that this process may be active rather than passive (17) .
Using GFP to tag RTEs allows analysis of the function and population dynamics of newly emigrated T cells in unmanipulated aged mice. Our current studies document the expected agedependent decline in RTE numbers but reveal that RTEs are readily detectable even in 2-year-old mice. Thymic output is surprisingly age-independent when normalized to the size of the generative CD4 ϩ CD8 ϩ double-positive (DP) compartment. Similar to RTEs from young adults, thymic emigrants from aged mice continue functional and phenotypic maturation in the lymphoid periphery, albeit with slower kinetics. The CD4:CD8 ratio of RTEs, but not that of single-positive (SP) thymocytes, declines sharply with age, and aged thymic tissue becomes permissive for the reentry of mature but still naïve peripheral T cells. What role these cells may play in the aged thymus is unknown.
Results
Whereas the Proportion and Number of RTEs Decrease with Age, Thymic Output as a Function of Thymic Size Is Relatively Age-Independent. By using GFP as a marker for RTEs in RAG2p-GFP Tg mice (Fig. 1A) , it is possible to analyze the population dynamics of RTEs as a function of age. From these time point data, it is clear that the entire peripheral CD4 ϩ and CD8 ϩ T cell pool is comprised of GFP hi and GFP low RTEs in neonatal mice. The proportion of the peripheral pool comprised of RTEs decreases thereafter, leveling off at Ϸ3% by 6 months of age. RTEs are clearly detectable, and the thymus is therefore functional, even in 2-year-old mice (Fig. 1C) .
Whereas the proportion of splenocytes that are RTEs declines steadily during the first 6 months of age, the number of splenic RTEs increases from birth, peaks at Ϸ6 weeks of age, and then decreases to a plateau of Ϸ1-1.5 ϫ 10 6 each of CD4 ϩ and CD8
RTEs at Ϸ6 months of age (Fig. 1D ). The total number of thymocytes decreases by Ϸ30-fold as mice age from 6 weeks to 2 years (Fig. 1B) . To control for this striking age-dependent involution, thymic output was quantified as the number of splenic RTEs per 100 DP thymocytes, the generative compartment for thymocytes that seed the periphery. By this measure, thymic output is relatively age-independent (Fig. 1D ). Similar results are obtained when thymic output is measured against the size of the GFP hi SP thymocyte pool (data not shown). In young adult mice, the CD4:CD8 ratio of GFP hi RTEs is greater than that of GFP low RTEs, which is in turn greater than that of naïve mature peripheral T cells (16) . We now show that the CD4:CD8 ratio of GFP hi splenic RTEs decreases dramatically with age, reaching a low plateau at Ϸ5-6 months of age ( Fig. 2A) . In contrast, the CD4:CD8 ratio of GFP hi SP thymocytes significantly increases with age ( Fig. 2B) . To explore the mechanism for the decline in the CD4:CD8 ratio of RTEs in aged mice, BrdU uptake during an 8-day labeling period was assessed to measure the steady-state proliferation of CD4 ϩ and CD8 ϩ RTEs and mature peripheral T cells (Fig. 3) . GFP Ϫ CD4 ϩ and CD8 ϩ T cells show comparable steady-state proliferation in old and young mice (Fig. 3C) . In contrast, GFP ϩ CD4 ϩ cells in aged mice are severely compromised in their ability to undergo steady-state proliferation relative to their counterparts in young animals. CD8
ϩ RTEs also proliferate less in aged mice than in young adults, but this defect is less severe than that experienced by CD4 ϩ RTEs (Fig. 3C ).
Phenotypic Maturation of RTEs Occurs with Delayed Kinetics in Aged
Mice. RTEs in young adult animals continue their development in the lymphoid periphery. The surface phenotypes of immature GFP hi , more mature GFP low , and mature GFP neg T cells change progressively, as assessed by surface expression of several molecules, including CD24, Qa2, CD28, CD3, and IL-7R␣ (Fig. 4 Top) (16) . A similar pattern of phenotypic maturation in Qa2 (and IL-7R␣; unpublished data) expression levels occurs in both CD4 ϩ and CD8
ϩ RTEs from mice at 10 and 18 months of age (Fig. 4 Middle and Bottom). However, the down-regulation of CD24 surface expression that characterizes RTE maturation in young adults is delayed as mice age. Whereas 35-36% of GFP low RTEs remain CD24 hi in the CD4 ϩ and CD8 ϩ splenic compartments at 71 weeks, in 6-week-old mice only 6-7% of GFP low CD4 ϩ and CD8 ϩ splenic RTEs remain CD24 hi (Fig. 4) . The CD24 hi CD8 SP thymocytes seen in all age groups are TCR low/neg and are therefore immature cells.
Functional Maturation Occurs in CD4 ؉ RTEs from Aged Mice. In young adult mice, RTE phenotypic maturation is mirrored by the continued acquisition of mature T cell functions by RTEs, including proliferation and cytokine production (16) . CD4 ϩ RTEs from mice over 1 year of age secrete less IL-2 after stimulation with a suboptimal dose of anti-CD3 and anti-CD28 than do CD4 ϩ GFP Ϫ mature naïve T cells from the same pool of animals (Fig. 5A ). IL-2 secretion is not the sole functional defect exhibited by RTEs, because proliferation by stimulated RTEs is also dampened relative to their mature T cell counterparts, even in the presence of exogenous IL-2 (Fig. 5A) . Uptake of IL-2 is also likely defective in RTE populations, because CD25 (IL-2R␣) surface expression is poorly up-regulated 24 h (unpublished data) and 48 h (Fig. 5B) after activation. Although the activation-induced up-regulation of CD69 surface expression is indistinguishable in RTEs and mature naïve T cells in young adults (16) , CD69 expression is dampened in CD4 ϩ RTEs compared with their mature naïve counterparts in mice over 1 year of age (Fig. 5B) . 4 . Phenotypic maturation of RTEs occurs with delayed kinetics in aged compared with young mice. Splenocytes and thymocytes from mice of the indicated ages were stained for CD4, CD8, CD24, and Qa2 surface expression. GFP ϩ CD4 ϩ and CD8 ϩ SP thymocytes (black histograms) and splenocytes gated as GFP hi (green histograms), GFP low (pink histograms), and GFP neg (blue histograms) were analyzed for CD24 and Qa2 expression. Data are representative of seven or more mice analyzed from each age group in five independent experiments.
The Proportion of GFP
increases dramatically with age, particularly within the CD8 ϩ population, which includes an average of 25% GFP Ϫ cells in mice over 1 year of age (Fig. 6B) . Activated peripheral T cells have been shown to recirculate to the thymus of young adults (18) (19) (20) (21) . To determine whether recirculation into the thymus of naïve peripheral T cells also contributes to the increased proportion of GFP Ϫ cells in the old thymus, Ly-5-marked naïve CD8 ϩ peripheral T cells from OT-1 TCR Tg donors were injected into young and old RAG2p-GFP Tg recipients, and the distribution of CD8 ϩ GFP Ϫ Ly5.1 ϩ donor T cells was determined by flow cytometry. Donor cells are readily detectable in the spleens of both young and old hosts and appear in approximately the same proportion and number in both sets of recipients (Table 1 ). In contrast, the donor cells are excluded from the thymuses of the young recipients but gain entry into the old thymic tissue whether donor cell contribution is measured by percent or number (Table  1) . Thus, the aged thymus allows entry of naïve peripheral T cells that are excluded by the young thymus.
Discussion
Using GFP to tag RTEs in RAG2p-GFP Tg mice without the need for surgical manipulation allows analysis of the phenotype and function of T cells during the first few weeks of their residence in the lymphoid periphery. Taking advantage of this system, we have shown that, although the proportion of the peripheral T cell pool comprised of RTEs declines steadily during the first 6 months of life, the number of splenic RTEs reaches a peak at 6 weeks of age and declines thereafter ( Fig. 1  C and D) . The striking involution of the thymus follows this same pattern (Fig. 1B) , but thymic output, measured as a function of thymic size, is surprisingly age-independent (Fig. 1D) . These data point to the resilient generative capacity of the immune system even in 2-year-old mice. This measure of thymic function is supported by more indirect tags for RTEs that have suggested that the thymus is active in both aged mice (reviewed in ref. 1) and humans (22) . Naïve CD8 ϩ T cells from 8-week-old OT-1 TCR Tg Ly5.1 mice were injected into six young (8-to 10-week-old) and five aged (70-to 76-week-old) Ly5.2 congenic RAG2p-GFP Tg hosts. Recipient thymocytes and splenocytes were analyzed for donor cells 4 days after adoptive transfer by staining for Ly5.1, CD4, CD8, CD44, and CD62L surface expression. The donor cells remain CD44 low and CD62L hi . The percentages and number of donor cells among CD8 SP GFP Ϫ cells in each organ were tabulated. P ϭ 0.00033 comparing the number of donor cells in the old and young thymuses; P ϭ 0.513 comparing the number of donor cells in the old and young spleens (two-tailed Student t test with equal variance).
As evidenced by the high CD4:CD8 ratio of RTEs and the preferential loss of CD4 ϩ RTEs, the thymus of the young adult mouse exports more CD4 ϩ T cells than can be successfully incorporated into the mature peripheral T cell pool (16) . However, also correlated with thymic involution is the progressive decline in the CD4:CD8 ratio of GFP hi RTEs (Fig. 2 A) . This decrease is at least partly due to the diminished steady-state proliferation of CD4 ϩ RTEs (and perhaps the SP thymocytes that give rise to these RTEs) in aged mice relative to young adult mice (Fig. 3C) . However, the higher CD4:CD8 ratio among GFP hi SP thymocytes in aged mice compared with young mice (Fig. 2B) suggests that CD4 SP thymocytes may not emigrate as efficiently as their CD8 ϩ counterparts. In support of this notion, CD69 expression is slightly decreased in CD4 but not CD8 SP thymocytes from 60-week-old mice relative to 6-week-old mice (data not shown).
The phenotypic maturation that characterizes RTEs as they move from the GFP hi through the GFP low and eventually to the GFP neg compartment is delayed in mice beginning at 5-6 months of age (Fig. 4 and data not shown) . Thus, although the upregulation of Qa2 and IL-7R␣ expression and the downregulation of CD3 expression all occur with similar kinetics in aged and young mice, the progressive down-regulation of CD24 expression in a fraction of maturing RTEs from aged mice is strikingly retarded relative to that in young mice. One-third of GFP low RTEs in both the CD4 and CD8 compartments in aged mice maintain high levels of CD24 expression (Fig. 4) . Given the relationship between homeostatic proliferation and CD24 expression (23), it is possible the CD24 hi GFP low RTEs peculiar to aged mice are also characterized by altered population dynamics. As further evidence that RTEs from aged mice differ from those in young mice, stimulation with anti-CD3 and anti-CD28 drives defective up-regulation of CD69 expression in RTEs from aged mice (Fig. 5B) , whereas expression of this early-activation marker in stimulated RTEs from young adults is indistinguishable from that of mature peripheral T cells from the same animals (16) . Stimulated CD4 ϩ RTEs from aged mice show defects in IL-2 secretion, CD25 expression (and therefore presumably IL-2 uptake), and proliferation, even in the presence of exogenous IL-2 (Fig. 5) . The extent of these functional defects is similar to that exhibited by RTEs from young adults (16) . Thus, although age may retard the kinetics of RTE maturation, the long-term functional consequences of this impairment are unclear, as further suggested by the observation that newly generated (mature, non-RTE) T cells in aged mice function as well as those in young mice (24) . In agreement with work from many laboratories (reviewed in refs. 1 and 2), these experiments also reveal that, even within the GFP Ϫ compartment, T cells from aged mice are defective in proliferative capacity and the upregulation of early-activation markers relative to T cells from younger individuals.
Thymic tissue from aged mice does display one characteristic (accessibility to naïve peripheral T cells) that distinguishes it from the young adult thymus. In young adult RAG2p-GFP Tg mice, 1-2% of SP cells in the thymus are GFP Ϫ (Fig. 6) . These anomalous cells are large and CD44 hi (ref. 16 and data not shown) and are therefore likely to be previously activated peripheral T cells that are known to recirculate to the young adult thymus (18) (19) (20) (21) . The proportion of GFP Ϫ cells in both the thymic CD4 ϩ and CD8
ϩ SP compartments increases dramatically with age, particularly within the CD8 ϩ population (Fig. 6B) . This unusual population of GFP Ϫ cells is intrathymic, because neighboring lymph nodes were excluded by staining with India ink injected i.p., and the exclusion was confirmed by the paucity of B cells. Although the proportion of peripheral T cells that have been previously activated is known to increase with age (reviewed in refs. 2 and 25), not all GFP Ϫ cells within the aged thymus bear an activated phenotype (data not shown). Adoptivetransfer experiments showed clearly that naïve T cells can selectively reenter the aged thymus but not the young adult thymus (Table 1) and that this reentry is not a function of the age of the recirculating T cells. Activation is not a requirement for gaining access to the aged thymus, because the transferred donor cells within the thymus of old recipients maintain the surface antigen phenotype of CD44 low CD62L
hi naïve T cells (data not shown). It is unknown what triggers the leakiness of aged thymic tissue, but young thymic lobes maintain the barrier to naïve T cells even after thymic atrophy is induced by irradiation and cortisone injection (20) . Activated allogeneic T cells reside in the medulla of the young thymus (20, 26, 27) and have been shown to induce alloantigen-specific tolerance (21, 28) . It has also been suggested that activated T cells persisting in the thymus may serve as a repository of memory in the young adult (18, 19) . Such a role has also been suggested for activated T cells recruited to the young adult bone marrow, another generative organ (29) (30) (31) (32) . However, it remains unclear what function, if any, mature naïve T cells may serve in the aged thymus.
Materials and Methods
Mice. RAG2p-GFP Tg breeders (NG-BAC mice) were originally provided by M. Nussenzweig (The Rockefeller University, New York) (14) . C57BL͞6 (B6) and B6.SJL-Ptprc a Pep3 b ͞BoyJ (B6.Ly5.1) breeders were purchased from The Jackson Laboratory. OT-1 TCR Tg mice (33) were bred on site. For in vivo BrdU incorporation studies, mice were given sterile drinking water containing 0.8 mg͞ml BrdU (Sigma-Aldrich) made fresh and changed daily for 8 days. All experiments were performed in compliance with the University of Washington Institutional Animal Care and Use Committee.
Flow Cytometry. Red blood cell-depleted single-cell suspensions from spleen and thymus were prepared, and Fc receptors were blocked with anti-CD16͞32 (clone 2.4G2; BD Pharmingen). Cells were stained as previously described (34) , and live cells were analyzed on a FACSCalibur or FACSCanto with CELLQUEST (Becton Dickinson) or F LOWJO (Tree Star, Ashland, OR) software. Allophycocyanin (APhC)-labeled or peridinin chlorophyll protein-labeled anti-CD4 (RM4-5), biotin-labeled anti-Qa2 (1-1-2), and phycoerythrin (PE)-labeled anti-Ly5.1 (clone A20) were purchased from BD Pharmingen. APhClabeled anti-CD44 (clone IM7) and PE-labeled anti-CD24 (M1͞ 69), anti-CD25 (PC61), and anti-CD69 (H1.2F3) were purchased from eBioscience (San Diego). APhC-Alexa Fluor 750-labeled anti-CD8␣ (5H10) was purchased from Caltag. Bound biotinlabeled antibodies were detected with streptavidin-APhC (BD Pharmingen). GFP hi and GFP Ϫ gates were defined by using CD4 ϩ and CD8 ϩ SP thymocytes stained on the same day. Those splenocytes falling between GFP hi and GFP neg gates were designated GFP low . Intracellular staining for BrdU was performed as previously described (3) by using PE-labeled anti-BrdU (3D4, BD Pharmingen).
Cell Enrichment and Sorting. For cell culture experiments, T cells were enriched from combined spleen and lymph nodes from aged (68-85 weeks of age) or young (6-13 weeks of age) RAG2p-GFP Tg mice by negative selection by using antibodies against MHC class II (AF6-120.1), Fc receptors (2.4G2), and CD8 (2.43) followed by anti-mouse and anti-rat IgG-coated magnetic beads (Qiagen, Valencia, CA). The resulting 78% pure CD4 ϩ population from the aged mice was then stained with APhC-labeled CD62L (MEL-14) and PE-labeled anti-CD8 (53.6-7), anti-B220 (CD45R, clone RA3-6B2), anti-CD11b (M1͞70), anti-Ly76 (Ter119), and anti-NK1.1 (PK136), all from BD Pharmingen. Stained cells were further purified by sorting on a FACSAria cytometer (Becton Dickinson) as PE Ϫ , CD62L ϩ , and either GFP ϩ or GFP Ϫ . Purity was verified at 93-98% by staining for CD4.
